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Óëó÷øåíèå óðàâíîâåøåííîñòè ïîðøíåâûõ äâèãàòåëåé âíóòðåííåãî ñãîðàíèÿ – âàæíàÿ çàäà÷à ñî-
âåðøåíñòâîâàíèÿ êîíñòðóêöèè, ðåøåíèå êîòîðîé ïîçâîëÿåò óëó÷øèòü ýêîëîãè÷åñêèå ñâîéñòâà àâ-
òîìîáèëÿ çà ñ÷åò ñíèæåíèÿ âèáðàöèè è øóìîâ.
Âîçìóùåíèÿ îò äåéñòâèÿ îïðîêèäûâàþùåãî (ðåàêòèâíîãî êðóòÿùåãî) ìîìåíòà ñóùåñòâåííî îò-
ëè÷àþòñÿ îò äåéñòâèÿ èíåðöèîííûõ ñèë è ìîìåíòîâ. Èõ îáùåïðèíÿòàÿ êîëè÷åñòâåííàÿ îöåíêà â 
ñóùåñòâóþùèõ ìåòîäàõ àíàëèçà îòñóòñòâóåò, ÷òî çàòðóäíÿåò îáùèé àíàëèç óðàâíîâåøåííîñòè.
Àâòîðû ïðåäëîæèëè èñïîëüçîâàòü â êà÷åñòâå åäèíîé äëÿ âñåõ èñòî÷íèêîâ íåóðàâíîâåøåííîñòè 
ìåðû âîçìóùåíèé âåëè÷èíó ìàêñèìàëüíîãî çà ïåðèîä äåéñòâèÿ èìïóëüñà, ðàçðàáîòàëè ïðî-
ãðàììíûé êîìïëåêñ, ïîçâîëÿþùèé âûïîëíÿòü òàêóþ îöåíêó íåóðàâíîâåøåííîñòè äëÿ òðåõöèëèí-
äðîâîãî ïîðøíåâîãî äâèãàòåëÿ òèïà L3 ñ çàäàííûìè ìàññîãàáàðèòíûìè õàðàêòåðèñòèêàìè è ðå-
æèìàìè ðàáîòû.
Ïðåäëîæåí ìåõàíèçì äëÿ ÷àñòè÷íîãî óðàâíîâåøèâàíèÿ ðåàêòèâíîãî êðóòÿùåãî ìîìåíòà òàêîãî 
äâèãàòåëÿ, íàéäåíû åãî îïòèìàëüíûå ïàðàìåòðû äëÿ ïîëÿ çàäàííûõ ðåæèìîâ ðàáîòû. Ñ èñïîëü-
çîâàíèåì ðàçðàáîòàííîãî êîìïëåêñà âûïîëíåíà àíàëèòè÷åñêàÿ êîëè÷åñòâåííàÿ îöåíêà íåóðàâíî-
âåøåííîñòè îò äåéñòâèÿ îïðîêèäûâàþùåãî ìîìåíòà ó òðåõöèëèíäðîâîãî äâèãàòåëÿ ñ òèïè÷íûìè 
ìàññîãàáàðèòíûìè ïàðàìåòðàìè, êàê ïðè óðàâíîâåøèâàíèè ïðåäëîæåííûì ñïîñîáîì, òàê è áåç 
íåãî. Äëÿ òèïè÷íîé ñõåìû ÷àñòè÷íîãî óðàâíîâåøèâàíèÿ ìîìåíòà îò ñèë èíåðöèè 1-ãî ïîðÿäêà â 
ðàññìîòðåííîì äâèãàòåëå âûïîëíåíû îöåíêè âîçìóùåíèé è îò èõ äåéñòâèÿ íà ðàçíûõ ðåæèìàõ 
ðàáîòû.
Íàéäåíî, ÷òî â äâèãàòåëå òèïà L3 íåóðàâíîâåøåííîñòü îò äåéñòâèÿ ðåàêòèâíîãî êðóòÿùåãî ìîìåí-
òà íà ìàëûõ è ñðåäíèõ ÷àñòîòàõ âðàùåíèÿ âíîñèò îñíîâíîé âêëàä â âèáðîàêòèâíîñòü äâèãàòåëÿ, 
ïðåâîñõîäÿùèé ïî çíà÷åíèÿì èìïóëüñîâ âêëàä îò îñòàòî÷íîé íåóðàâíîâåøåííîñòè îò äåéñòâèÿ 
ìîìåíòà èíåðöèè 1-ãî ïîðÿäêà, ïðèñóùèé òèïè÷íûì êîíñòðóêöèÿì. Ðàññìîòðåííûé ìåõàíèçì ïî-
çâîëÿåò óìåíüøèòü ýòó íåóðàâíîâåøåííîñòü â íåñêîëüêî ðàç.

Êëþ÷åâûå ñëîâà: òðåõöèëèíäðîâûé äâèãàòåëü, óðàâíîâåøèâàíèå äâèãàòåëÿ, îïðîêèäûâàþùèé 
ìîìåíò, êðóòÿùèé ìîìåíò äâèãàòåëÿ, ìåõàíèçì óðàâíîâåøèâàíèÿ, îïòèìèçàöèÿ óðàâíîâåøèâà-
íèÿ, êîëè÷åñòâåííàÿ îöåíêà óðàâíîâåøåííîñòè, èìïóëüñ âîçìóùåíèÿ.

 Ââåäåíèå
Îáùàÿ íåóðàâíîâåøåííîñòü ñèëîâîãî àãðå-

ãàòà (ÑÀ) àâòîìîáèëÿ îò ðàáîòàþùåãî äâèãàòå-
ëÿ îïðåäåëÿåòñÿ â îñíîâíîì âîçìóùåíèÿìè îò 
íåóðàâíîâåøåííûõ ñèë è ìîìåíòîâ èíåðöèè è 
ðåàêöèåé îò äåéñòâèÿ êðóòÿùåãî ìîìåíòà – ðå-
àêòèâíîãî êðóòÿùåãî ìîìåíòà (ÐÊÌ). Îáû÷íî 
äëÿ àíàëèçà íåóðàâíîâåøåííûõ ñèë è ìîìåí-
òîâ èíåðöèè èõ ñóììèðóþò îò îòäåëüíûõ öè-
ëèíäðîâ è îöåíêó óðàâíîâåøåííîñòè ÄÂÑ âû-
ïîëíÿþò ïî ñëåäóþùèì ïàðàìåòðàì [1]:
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(ÂÏÄÌ) êðèâîøèïíî-øàòóííîãî ìåõàíèçìà 
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j2
 – òî æå äëÿ ñèë èíåð-
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 – òî æå äëÿ öåíòðîáåæ-

íûõ ñèë; M
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c
 – ñóììàðíûå ìîìåíòû 

îò ýòèõ ñèë.
Ýòè âîçìóùåíèÿ íîñÿò ãàðìîíè÷åñêèé õàðàê-

òåð è ñðàâíèòåëüíóþ êîëè÷åñòâåííóþ îöåíêó 
ìîæíî âûïîëíÿòü ïî äàííûì èõ àìïëèòóä.

Âîçìóùàþùåå äåéñòâèå ÐÊÌ îïðåäåëÿåòñÿ 
õàðàêòåðîì èçìåíåíèÿ ðåçóëüòèðóþùåãî êðó-
òÿùåãî ìîìåíòà Ì

ê
 ïî óãëó ïîâîðîòà êîëåí÷à-

òîãî âàëà : Ì
ê
=f() ÄÂÑ íà ïîñëåäíåé êîðåí-

íîé øåéêå è îïðåäåëÿåòñÿ ÷èñëîì öèëèíäðîâ 
i, ñõåìîé êîëåí÷àòîãî âàëà, ïîñëåäîâàòåëüíî-
ñòüþ ðàáî÷èõ õîäîâ, ðàçìåðàìè è ìàññàìè ýëå-
ìåíòîâ êðèâîøèïîâ, ðåæèìîì ðàáîòû.
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Ôóíêöèÿ Ì
ê
=f() â îòëè÷èå îò èíåðöèîííûõ 

ñèë è ìîìåíòîâ ÿâëÿåòñÿ ïåðèîäè÷åñêîé, íî íå 
ãàðìîíè÷åñêîé. Êîëè÷åñòâåííóþ îöåíêó âîç-
ìóùåíèé ÐÊÌ àâòîðû ïðåäëîæèëè âûïîëíÿòü 
ïî âåëè÷èíå ìàêñèìàëüíîãî èìïóëüñà âîçìó-
ùåíèé L

Ì.ÐÊÌ
 çà ïåðèîä åãî äåéñòâèÿ [2].

Òàêàÿ îöåíêà âîçìóùåíèé ÿâëÿåòñÿ óíèâåð-
ñàëüíîé, åå ìîæíî ïðèìåíèòü è äëÿ èíåðöèîí-
íûõ ñèë è ìîìåíòîâ. Âûïîëíåííûå àâòîðàìè 
ðàñ÷åòû [2] ïîêàçàëè, ÷òî äëÿ ïîäîáíûõ äâèãà-
òåëåé (ñ îäèíàêîâûìè ðàçìåðàìè öèëèíäðîâ, 
ñõåìîé èõ ðàñïîëîæåíèÿ è ÂÏÄÌ â êàæäîì 
öèëèíäðå) ñ óìåíüøåíèåì ÷èñëà öèëèíäðîâ 
íåóðàâíîâåøåííîñòü îò äåéñòâèÿ ÐÊÌ ñóùå-
ñòâåííî âîçðàñòàåò.

Öåëüþ èññëåäîâàíèÿ ÿâëÿëàñü îöåíêà ýô-
ôåêòèâíîñòè ìåõàíèçìà óðàâíîâåøèâàíèÿ 
ÐÊÌ òðåõöèëèíäðîâîãî ÄÂÑ, à òàêæå âûïîë-
íåíèå ñðàâíèòåëüíîé êîëè÷åñòâåííîé îöåíêè 
åãî íåóðàâíîâåøåííîñòè êàê îò äåéñòâèÿ èíåð-
öèîííûõ ìîìåíòîâ, òàê è îò äåéñòâèÿ ÐÊÌ íà 
ðàçíûõ ðåæèìàõ ðàáîòû. 

Ñïîñîá óðàâíîâåøèâàíèÿ ÐÊÌ 
òðåõöèëèíäðîâîãî ÄÂÑ
Êàê ïîêàçàë íèæåïðèâåäåííûé àíàëèç ó òðåõ-

öèëèíäðîâîãî ÄÂÑ (òèï L3) âîçìóùåíèÿ îò 
ÐÊÌ äîñòàòî÷íî âåëèêè, òàê ÷òî íà íåêîòîðûõ 
ðåæèìàõ ïðåâîñõîäÿò îñíîâíóþ äëÿ òàêîãî òèïà 
ÄÂÑ íåóðàâíîâåøåííîñòü îò äåéñòâèÿ èíåðöè-
îííûõ ìîìåíòîâ 1-ãî ïîðÿäêà M

j1
. Çàìåòèì, ÷òî 

åñëè äëÿ óðàâíîâåøèâàíèÿ èíåðöèîííûõ ñèë è 
ìîìåíòîâ ñóùåñòâóþò äîñòàòî÷íî îòðàáîòàííûå 
ñïîñîáû, òî ñïåöèàëüíîå óðàâíîâåøèâàíèå âîç-
ìóùåíèé îò ÐÊÌ âûïîëíÿþò òîëüêî äëÿ äâóõ 
òèïîâ ÄÂÑ: ðÿäíûõ 2-õ è 4-õ öèëèíäðîâûõ – çà 
ñ÷åò ðàçìåùåíèÿ áàëàíñèðíûõ âàëîâ ñ îïðåäå-
ëåííûì ñìåùåíèåì ïî âåðòèêàëè îòíîñèòåëüíî 
äðóã äðóãà, ïðåäíàçíà÷åííûõ ãëàâíûì îáðàçîì 
äëÿ óðàâíîâåøèâàíèÿ ñèë èíåðöèè [3]. 

Òåîðåòè÷åñêèé àíàëèç ïîêàçûâàåò âîçìîæ-
íîñòü ÷àñòè÷íîãî óðàâíîâåøèâàíèÿ ÐÊÌ â ÄÂÑ 
ïðàêòè÷åñêè ëþáîãî òèïà çà ñ÷åò óðàâíîâåøè-
âàíèÿ ãëàâíîé ìîòîðíîé ãàðìîíèêè ýòîãî ìî-
ìåíòà ìåõàíèçìîì, ñîçäàþùèì ãàðìîíè÷åñêè 
ìåíÿþùèéñÿ èíåðöèîííûé ìîìåíò ñ òîé æå 
÷àñòîòîé [4]. Òàêîé ìåõàíèçì, íàïðèìåð, ìîæåò 
ñîñòîÿòü èç ïàðû øåñòåðåí ñî ñïåöèàëüíî ïîä-
áèðàåìûìè ñõåìàìè ðàñïîëîæåíèÿ è âåëè÷è-
íû äèñáàëàíñîâ íà êàæäîé òàê, ÷òîáû ïåðèîä 
ãàðìîíè÷åñêîãî ìîìåíòà îò öåíòðîáåæíûõ ñèë 
øåñòåðåí áûë ðàâåí ïåðèîäó ðåçóëüòèðóþùåãî 
êðóòÿùåãî ìîìåíòà ÄÂÑ. Îäíàêî êîëè÷åñòâåí-

íûé àíàëèç âîçìîæíîñòåé òàêîãî óðàâíîâåøè-
âàíèÿ, â ÷àñòíîñòè äëÿ ÄÂÑ òèïà L3 â èçâåñò-
íîé ëèòåðàòóðå ïðàêòè÷åñêè îòñóòñòâóåò.

Îäèí èç âîçìîæíûõ âàðèàíòîâ òàêèõ ñõåì 
óðàâíîâåøèâàíèÿ â ÄÂÑ òèïà L3 ïîêàçàí íà 
ðèñ. 1. Çäåñü óðàâíîâåøèâàþùèå øåñòåðíè 
(ïîç. 1 è 2) ïðèâîäÿòñÿ íåïîñðåäñòâåííî îò êî-
ëåí÷àòîãî âàëà (ïîç. 3). Çà ñ÷åò äåéñòâèÿ öåí-
òðîáåæíûõ ñèë ñîçäàåòñÿ îïðîêèäûâàþùèé 
ãàðìîíè÷åñêèé ìîìåíò Ì

ø
=f(), äåéñòâóþùèé 

â òîé æå ïëîñêîñòè è ñ òåì æå ïåðèîäîì, êàê 
ó ðåçóëüòèðóþùåãî êðóòÿùåãî ìîìåíòà äâèãà-
òåëÿ Ì

ê
=f(). Ó÷èòûâàÿ, ÷òî ïåðèîä ðåçóëüòè-

ðóþùåãî êðóòÿùåãî ìîìåíòà â ÄÂÑ òèïà L3: 
T=7200/i=2400, âèäíî, ÷òî óãëîâàÿ ñêîðîñòü 
âðàùåíèÿ øåñòåðåí 

ø
 äîëæíà áûòü â 1,5 ðàçà 

âûøå óãëîâîé ñêîðîñòè êîëåí÷àòîãî âàëà 
ê.â.
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

ø
/
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=1,5. Ïîñêîëüêó äèñáàëàíñû óðàâíîâå-
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1
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âàëà (x

1
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1
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Òîãäà ðåçóëüòèðóþùàÿ ñèë 

â ëþáîé ìîìåíò âðåìåíè ðàâíà íóëþ (P
cx

=0, 
P

cy
=0) è îò öåíòðîáåæíûõ ñèë áóäåò äåéñòâî-

âàòü òîëüêî ãàðìîíè÷åñêèé ìîìåíò: 
2

1 1 1 1 1sin sinø c øM P A M r A        ,

ãäå A – ðàññòîÿíèå ìåæäó îñÿìè óðàâíîâåøè-
âàþùèõ øåñòåðåí.

Â ðåçóëüòàòå íà îïîðû ÑÀ áóäåò äåéñòâîâàòü 
ñóììàðíûé ìîìåíò Ì

ñ
=f(), ãäå Ì

ñ
=Ì

ê
+Ì

ø
. 

Çàìåòèì, ÷òî ýòè øåñòåðíè ñ ó÷åòîì âûøåèç-
ëîæåííîãî ìîãóò áûòü óñòàíîâëåíû â ëþáîì 
ìåñòå ïî äëèíå ïîäðåññîðåííîé ÷àñòè ÑÀ ïðè 
óñëîâèè ðàñïîëîæåíèÿ ðàäèóñîâ âåêòîðîâ äèñ-
áàëàíñîâ â ïëîñêîñòè ïåðïåíäèêóëÿðíîé îñè 
êîëåí÷àòîãî âàëà.

Ïðè ñóììèðîâàíèè ñëåäóåò ó÷èòûâàòü íà-
÷àëüíûé óãîë óñòàíîâêè äèñáàëàíñîâ 

íà÷.
, ñî-

îòâåòñòâóþùèé íóëåâîìó çíà÷åíèþ óãëà ïî-
âîðîòà êðèâîøèïà, êîãäà ïîðøåíü íàõîäèòñÿ â 
âåðõíåé ìåðòâîé òî÷êå â êîíöå òàêòà ñæàòèÿ. 
Íåóðàâíîâåøåííîñòü îò äåéñòâèÿ ýòîãî ñóì-
ìàðíîãî ìîìåíòà ìîæåò áûòü îöåíåíà ïî âåëè-
÷èíå èìïóëüñà âîçìóùåíèÿ:

 
2

c

1

c
1

M iL M M d







    ,

ãäå  – óãëîâàÿ ñêîðîñòü âðàùåíèÿ êîëåí÷à-
òîãî âàëà íà äàííîì ðåæèìå ðàáîòû; 

1
 è 

2
 – 

ãðàíèöû èíòåðâàëà äåéñòâèÿ ìàêñèìàëüíîãî çà 
ïåðèîä èìïóëüñà; Ì

i
 – ñðåäíèé èíäèêàòîðíûé 

ìîìåíò ÄÂÑ.
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Ðåçóëüòàòû àíàëèòè÷åñêîé îöåíêè 
âîçìîæíîñòåé óðàâíîâåøèâàíèÿ 
ÐÊÌ òðåõöèëèíäðîâîãî ÄÂÑ
Çàäà÷à îïòèìèçàöèè ÷àñòè÷íîãî óðàâíî-

âåøèâàíèÿ ÐÊÌ çàêëþ÷àåòñÿ â îïðåäåëåíèè 
çíà÷åíèé äèñáàëàíñîâ øåñòåðåí m

1
r

1
, m

2
r

2
, íà-

÷àëüíîãî óãëà óñòàíîâêè äèñáàëàíñîâ 
íà÷

, ðàñ-
ñòîÿíèÿ ìåæäó îñÿìè øåñòåðåí A (ðèñ. 1), ïðè 
êîòîðûõ îáåñïå÷èâàåòñÿ ìèíèìàëüíîå çíà÷å-
íèå èìïóëüñà âîçìóùåíèÿ L

Ìñ
=L

Ìóð
 äëÿ çàäàí-

íûõ ïàðàìåòðîâ êîíñòðóêöèè è ðåæèìà ðàáîòû 
ðàññìàòðèâàåìîãî ÄÂÑ.

Áûëà ðàçðàáîòàíà ïðîãðàììà, ïîçâîëÿþùàÿ 
äëÿ çàäàâàåìûõ ïàðàìåòðîâ êîíñòðóêöèè ÄÂÑ 
òèïà L3 è ðåæèìà ðàáîòû íàõîäèòü çíà÷åíèå 
èìïóëüñîâ âîçìóùåíèé îò äåéñòâèÿ ÐÊÌ êàê 
áåç èñïîëüçîâàíèÿ óðàâíîâåøèâàþùèõ øåñòå-
ðåí, òàê è ñ íèìè. Êðîìå òîãî, ïðîãðàììíûì 
ñïîñîáîì ðåøàëàñü çàäà÷à îïòèìèçàöèè ïî 
îïðåäåëåíèþ ïàðàìåòðîâ óðàâíîâåøèâàþùèõ 
øåñòåðåí, îáåñïå÷èâàþùèõ ìàêñèìàëüíî âîç-
ìîæíîå ñíèæåíèå âîçìóùåíèÿ îò äåéñòâèÿ 
ÐÊÌ.

Ðåçóëüòàòû àíàëèçà ïðåäñòàâëÿëèñü êàê â 
ãðàôè÷åñêîì âèäå (ãðàôèêè ïðîòåêàíèÿ ìî-

ìåíòîâ Ì
ê
, Ì

ø
 è Ì

ñ
 çà ïåðèîä), òàê è â âèäå 

÷èñëåííûõ çíà÷åíèé èìïóëüñîâ âîçìóùåíèé: 
L

Ì.ÐÊÌ
 – çíà÷åíèå èìïóëüñà áåç óðàâíîâåøèâà-

íèÿ (Í·ì·ñ), L
Ìóð

 – çíà÷åíèå èìïóëüñà ïðè îï-
òèìàëüíî ïîäîáðàííûõ ïàðàìåòðàõ äèñáàëàí-
ñîâ øåñòåðåí (òàáë. 1).

Òàêîé êîëè÷åñòâåííûé àíàëèç âûïîëíèëè 
äëÿ ÄÂÑ òèïà L3 ñ òèïè÷íûìè ïàðàìåòðàìè 
ÊØÌ: õîä ïîðøíÿ S=85 ìì, äèàìåòð öèëèí-
äðà D=85 ìì, áåçðàçìåðíûé êèíåìàòè÷åñêèé 
ïàðàìåòð =0,25, ìàññà ïîðøíÿ 0,45 êã. Ðåæèì 
ðàáîòû îïðåäåëÿëñÿ çàäàâàåìûìè çíà÷åíèÿìè 
ñðåäíåãî ýôôåêòèâíîãî äàâëåíèÿ p

e 
(ÌÏà) è 

÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà n (îá/ìèí). 
Íàéäåííûå ïðîãðàììíûì ñïîñîáîì çíà÷åíèÿ 
èìïóëüñîâ âîçìóùåíèé îò äåéñòâèÿ ÐÊÌ êàê 
áåç óðàâíîâåøèâàíèÿ L

Ì.ÐÊÌ
, òàê è ïðè îïòè-

ìàëüíîì äëÿ êàæäîãî ðåæèìà óðàâíîâåøèâà-
íèÿ L

Ìóð
 – ïðåäñòàâëåíû â òàáë. 1.

Íà ðèñ. 2 ïîêàçàíû ãðàôèêè îïðîêèäûâà-
þùèõ ìîìåíòîâ, äåéñòâóþùèõ â ïëîñêîñòè 
ïåðïåíäèêóëÿðíîé êîëåí÷àòîìó âàëó, îïðåäå-
ëÿþùèõ íåóðàâíîâåøåííîñòü ðàñ÷åòíîãî âàðè-
àíòà ÄÂÑ îò äåéñòâèÿ ÐÊÌ íà ðåæèìå ðàáîòû: 
p

e
=1,2 ÌÏà, n=2500 ìèí-1. Çíà÷åíèå èìïóëüñà 

Ðèñ. 1. Ñõåìà ÷àñòè÷íîãî óðàâíîâåøèâàíèÿ ÐÊÌ ñ ïîìîùüþ øåñòåðåí ñ äèñáàëàíñîì: 
1, 2 – øåñòåðíè ñ îïðåäåëåííûì äèñáàëàíñîì, ñîîòâåòñòâåííî m

1
r

1
 è m

2
r

2
; 3 – êîëåí÷àòûé âàë
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âîçìóùåíèÿ áåç óðàâíîâåøèâàíèÿ (òîëüêî îò 
äåéñòâèÿ ÐÊÌ) L

Ìðêì
=1,465 Í·ì·ñ, ýòîé âåëè-

÷èíå ñîîòâåòñòâóåò ïëîùàäü, îãðàíè÷åííàÿ 
êðèâîé êðóòÿùåãî ìîìåíòà ÄÂÑ Ì

ê
=f() è 

ëèíèåé ñðåäíåãî èíäèêàòîðíîãî ìîìåíòà Ì
i
 

(çàêðàøåííàÿ òåìíî-ñåðûì öâåòîì).
Â ñëó÷àå óðàâíîâåøèâàíèÿ íà îïîðû ÑÀ 

áóäåò ïåðåäàâàòüñÿ îïðîêèäûâàþùèé ìîìåíò, 
îïðåäåëÿåìûé êðèâîé Ì

ñ
=f(): ðåçóëüòèðóþ-

ùåé îò äåéñòâèÿ ìîìåíòîâ øåñòåðåí Ì
ø
=f() 

è îò ÄÂÑ Ì
ê
=f(). Â ýòîì ñëó÷àå èìïóëüñ âîç-

ìóùåíèÿ L
Ìóð

=0,328 Í·ì·ñ (ýòîé âåëè÷èíå ñî-
îòâåòñòâóåò ïëîùàäü, çàêðàøåííàÿ ñâåòëûì 
öâåòîì). Óëó÷øåíèå óðàâíîâåøåííîñòè õàðàê-
òåðèçóåòñÿ óìåíüøåíèåì èìïóëüñà âîçìóùå-
íèÿ â 4,5 ðàçà. Íàéäåííûå çíà÷åíèÿ îïòèìàëü-
íûõ ïàðàìåòðîâ óðàâíîâåøèâàþùèõ øåñòåðåí 
äëÿ ýòîãî ñëó÷àÿ ñîñòàâèëè: m

1
r

1
·À=1,870·10-3 

êã·ì2, 
íà÷

=7,50.
Èç äàííûõ, ïðåäñòàâëåííûõ â òàáë. 1, 

âèäíî, ÷òî ðàññìîòðåííûé ñïîñîá óðàâíîâå-

øèâàíèÿ âåñüìà ýôôåêòèâåí: èìïóëüñû âîç-
ìóùåíèÿ óìåíüøàþòñÿ íà íåêîòîðûõ ðåæèìàõ 
áîëåå ÷åì â 5 ðàç, à ó÷èòûâàÿ, ÷òî ýíåðãèÿ âîç-
ìóùåíèÿ ïðîïîðöèîíàëüíà êâàäðàòó çíà÷åíèÿ 
èìïóëüñà [2], ýòî óëó÷øåíèå óðàâíîâåøåííî-
ñòè åùå áîëåå ñóùåñòâåííî.

Êîìïîíîâêà ìåõàíèçìà óðàâíîâåøèâàíèÿ 
íå ïðåäñòàâëÿåò ñëîæíîñòåé: êàê áûëî ïîêàçà-
íî âûøå, óðàâíîâåøèâàþùèå øåñòåðíè ìîãóò 
áûòü ðàçìåùåíû äîñòàòî÷íî ïðîèçâîëüíî êàê 
ïî äëèíå, òàê è ïî øèðèíå ÑÀ. Íàèáîëüøàÿ 
ñëîæíîñòü òàêîãî ìåõàíèçìà ñîñòîèò â òîì, ÷òî 
ïðè èçìåíåíèè íàãðóçî÷íîãî è îñîáåííî ñêî-
ðîñòíîãî ðåæèìîâ íåîáõîäèìî ñóùåñòâåííî 
ìåíÿòü çíà÷åíèå àìïëèòóäû óðàâíîâåøèâàþùå-
ãî ìîìåíòà Ì

ø
=f(). Íàïðèìåð, åñëè íà ðåæèìå 

p
e
=1,2 ÌÏà, n=2500 ìèí-1 îïòèìàëüíûå ðàñ÷åò-

íûå ïàðàìåòðû óðàâíîâåøèâàþùèõ øåñòåðåí 
èññëåäîâàííîãî ÄÂÑ äîëæíû ñîîòâåòñòâîâàòü 
çíà÷åíèþ: m

1
r

1
·À=1,870·10-3 êã·ì2, òî íà ðåæèìå 

p
e
=0,6 ÌÏà, n=4000 ìèí-1 èõ îïòèìàëüíàÿ âå-

Òàáëèöà 1 

Çíà÷åíèÿ èìïóëüñîâ âîçìóùåíèÿ â ðàñ÷åòíîì ÄÂÑ òèïà L3 
îò äåéñòâèÿ êðóòÿùåãî ìîìåíòà áåç óðàâíîâåøèâàíèÿ L

Ì.ÐÊÌ (Í·ì·ñ) 
è ïðè îïòèìàëüíîì óðàâíîâåøèâàíèè L

Ìóð
 (Í·ì·ñ) íà ðàçíûõ ðåæèìàõ ðàáîòû

n, ìèí-1

Ñðåäíåå èíäèêàòîðíîå äàâëåíèå P
i
, ÌÏà

1,2 0,9 0,6
L

Ì.ÐÊÌ
L

Ìóð
L

Ì.ÐÊÌ
L

Ìóð
L

Ì.ÐÊÌ
L

Ìóð

5500 0,666 0,177 0,550 0,176 0,438 0,189

4000 0,915 0,138 0,757 0,107 0,599 0,093

3000 1,221 0,242 1,009 0,190 0,798 0,137

2500 1,465 0,328 1,210 0,250 0,958 0,187

2000 1,832 0,452 1,513 0,371 1,198 0,286

1500 2,443 0,653 2,018 0,539 1,597 0,420

Ðèñ. 2. Ãðàôèêè ïðîòåêàíèÿ ìîìåíòîâ, äåéñòâóþùèõ â ðàñ÷åòíîì ÄÂÑ â ïëîñêîñòè ïåðïåíäèêóëÿðíîé 
êîëåí÷àòîìó âàëó (pe=1,2 ÌÏà, n=2500 ìèí-1): Ì

ê
 – ðåçóëüòèðóþùèé ìîìåíò; 

Ì
ø
 – ìîìåíò îò óðàâíîâåøåííûõ øåñòåðåí; Ì

ñ
 – ñóììàðíûé ìîìåíò; Ì

i
 – ñðåäíèé èíäèêàòîðíûé ìîìåíò
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ëè÷èíà: m
1
r

1
·À=0,417·10-3 êã·ì2. Ðåãóëèðîâêà 

ýòîãî ïàðàìåòðà âîçìîæíà êàê çà ñ÷åò èçìåíå-
íèÿ äèñáàëàíñà øåñòåðåí m

1
r

1
, òàê è çà ñ÷åò ðàñ-

ñòîÿíèÿ ìåæäó èõ îñÿìè À (ðèñ. 1).

Ñðàâíèòåëüíàÿ îöåíêà 
âîçìóùåíèé îò äåéñòâèÿ 
èíåðöèîííûõ ìîìåíòîâ è ÐÊÌ 
â òðåõöèëèíäðîì ÄÂÑ
Ñðàâíèëè íåóðàâíîâåøåííîñòü ðàññìàòðè-

âàåìîãî ÄÂÑ îò äåéñòâèÿ ÐÊÌ è îò èíåðöè-
îííûõ ìîìåíòîâ ÂÏÄÌ ÊØÌ. Êàê èçâåñòíî, 
â ÄÂÑ òèïà L3 íåóðàâíîâåøåíû ìîìåíòû îò 
ñèë èíåðöèè 1-ãî è 2-ãî ïîðÿäêîâ M

j1 
è M

j2
 

[1]. Çäåñü ìîìåíò M
j1
 ñîçäàåò â íåñêîëüêî ðàç 

áîëüøèå âîçìóùåíèÿ, ïîýòîìó ïðàêòè÷åñêè 
òîëüêî åãî óðàâíîâåøèâàþò òåì èëè èíûì 
ñïîñîáîì. Â ïîñëåäíåå âðåìÿ îïòèìàëüíûì 
ïðèçíàåòñÿ ÷àñòè÷íîå óðàâíîâåøèâàíèå ýòîãî 
ìîìåíòà ñ ïîìîùüþ äèñáàëàíñîâ, óñòàíàâëè-
âàåìûõ íà ïåðåäíåé è çàäíåé ÷àñòÿõ êîëåí÷à-
òîãî âàëà. Èìåííî òàêîé ñïîñîá óðàâíîâåøè-
âàíèÿ ïðèìåíÿþò íà ïðèçíàííîì ëó÷øèì â 
2012 ã. äâèãàòåëå òàêîãî òèïà Ford EcoBoost [6]. 
Â òàáëèöå 2 ïðèâåäåíû ðàñ÷åòíûå äàííûå èì-
ïóëüñîâ âîçìóùåíèÿ LMj1

 (Í·ì·ñ) îò äåéñòâèÿ 
ìîìåíòà M

j1
 äëÿ ðàññìàòðèâàåìîãî ÄÂÑ ñ 

çàäàííûìè ìàññîãàáàðèòíûìè ïàðàìåòðàìè 
ïðè âûøåóêàçàííîì ÷àñòè÷íîì óðàâíîâåøèâà-
íèè íà ðàçíûõ ÷àñòîòàõ âðàùåíèÿ êîëåí÷àòîãî 
âàëà.

Äàííûå ïðèâåäåíû áåç ó÷åòà íàãðóçêè, ïî-
ñêîëüêó âîçìóùåíèÿ îò äåéñòâèÿ èíåðöèîííûõ 
ñèë è ìîìåíòîâ íå çàâèñÿò îò íåå. Ïðè ñðàâ-
íåíèè äàííûõ âîçìóùåíèé, îò äåéñòâèÿ ÐÊÌ 
(òàáë. 1) è èíåðöèîííîãî ìîìåíòà M

j1
 (òàáë. 2) 

ñëåäóåò èìåòü â âèäó, ÷òî ýíåðãèÿ âîçìóùåíèÿ 
(îïðåäåëÿþùàÿ íåóðàâíîâåøåííîñòü ÑÀ) âû-
÷èñëÿåòñÿ ïî ôîðìóëå [2]: 

2
max

. .

( )
,

2ñ à

L
e

J




ãäå L
max

 – ìàêñèìàëüíûé èìïóëüñ âîçìóùåíèé 
îò ïåðåìåííîãî ìîìåíòà çà ïåðèîä åãî äåé-
ñòâèÿ, J

c.à.
 – ìîìåíò èíåðöèè ÑÀ îòíîñèòåëüíî 

îñè äåéñòâèÿ âîçìóùàþùåãî ìîìåíòà.

ÐÊÌ äåéñòâóåò îòíîñèòåëüíî îñè êîëåí÷à-
òîãî âàëà, à íåóðàâíîâåøåííûé ìîìåíò èíåð-
öèè M

j1
 äåéñòâóåò âäîëü êîëåí÷àòîãî âàëà, ïî-

ýòîìó ìîìåíò èíåðöèè â ïåðâîì ñëó÷àå áóäåò 
îïðåäåëÿòüñÿ øèðèíîé B, âî âòîðîì – åãî 
äëèíîé L. Èç ýòîãî ñëåäóåò, ÷òî äëÿ ðåàëüíûõ 
ìàññîãàáàðèòíûõ õàðàêòåðèñòèê ÑÀ: L/B  
2,5…3,5 è ñ ó÷åòîì òîãî, ÷òî ìîìåíò èíåðöèè 
â ïåðâîì ïðèáëèæåíèè ïðîïîðöèîíàëåí êâà-
äðàòó îïðåäåëÿþùåãî ãàáàðèòíîãî ðàçìåðà 
äàæå ïðè îäèíàêîâûõ èìïóëüñàõ âîçìóùåíèé 
íåóðàâíîâåøåííîñòü îò ÐÊÌ áóäåò â íåñêîëü-
êî ðàç áîëüøå, ÷åì îò äåéñòâèÿ ìîìåíòà M

j1
. 

Òàêèì îáðàçîì, âîçìóùåíèÿ îò ÐÊÌ âåñüìà 
ñóùåñòâåííû: íà ìàëûõ è ñðåäíèõ ÷àñòîòàõ 
âðàùåíèÿ âàëà äâèãàòåëÿ (n  3000 ìèí-1) îíè 
ÿâëÿþòñÿ îñíîâíûì èñòî÷íèêîì íåóðàâíîâå-
øåííîñòè ÄÂÑ òèïà L3, òàê ÷òî çàäà÷à óðàâíî-
âåøèâàíèÿ ÐÊÌ ÿâëÿåòñÿ äîñòàòî÷íî àêòóàëü-
íîé.

Çàêëþ÷åíèå
Òàêèì îáðàçîì, â ðåçóëüòàòå èññëåäîâàíèé 

ðàçðàáîòàí ïðîãðàììíûé êîìïëåêñ, ïîçâîëèâ-
øèé âûïîëíÿòü êîëè÷åñòâåííóþ îöåíêó âñåõ 
âèäîâ âîçìóùåíèé â ÄÂÑ òèïà L3. Ïîêàçàíà 
âûñîêàÿ ýôôåêòèâíîñòü ÷àñòè÷íîãî óðàâíîâå-
øèâàíèÿ ÐÊÌ ñ ïîìîùüþ ïàðû øåñòåðåí ñî 
ñïåöèàëüíîé ñõåìîé ðàçìåùåíèÿ äèñáàëàíñîâ 
íà êàæäîé, ïðè÷åì îïòèìàëüíûå ïàðàìåòðû 
ìîãóò áûòü îïðåäåëåíû ðàñ÷åòíûì ñïîñîáîì ñ 
ó÷åòîì ìàññîãàáàðèòíûõ õàðàêòåðèñòèê ÄÂÑ 
è ðåæèìà ðàáîòû. Íàéäåíî, ÷òî âîçìóùåíèÿ îò 
ÐÊÌ ÿâëÿþòñÿ îñíîâíûì èñòî÷íèêîì íåóðàâ-
íîâåøåííîñòè ÄÂÑ òèïà L3 íà ìàëûõ è ñðåä-
íèõ ÷àñòîòàõ âðàùåíèÿ êîëåí÷àòîãî âàëà.
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Òàáëèöà 2 

Çíà÷åíèÿ èìïóëüñîâ âîçìóùåíèÿ LMj1 â ðàñ÷åòíîì ÄÂÑ òèïà L3 îò äåéñòâèÿ ÷àñòè÷íî óðàâíîâåøåííîãî 
ìîìåíòà ñèë èíåðöèè ÂÏÄÌ 1-ãî ïîðÿäêà M

j1 íà ðàçíûõ ÷àñòîòàõ âðàùåíèÿ êîëåí÷àòîãî âàëà

n, мин-1 1500 2000 2500 3000 4000 5500
LMj1, Н∙м∙с 1,175 1,567 1,959 2,350 3,134 4,309



Ãóñàðîâ Â.Â., Àøèøèí À.À.

30 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 4(30), 2016

3. Ãóñàðîâ Â.Â., Àøèøèí À.À. Íîâûé ñïîñîá àíà-
ëèçà è ðàñ÷åò óðàâíîâåøèâàíèÿ äâèãàòåëÿ òèïà 
R2 // Æóðíàë «Èçâåñòèÿ ÌÃÈÓ». Òåõíè÷åñêèå è 
åñòåñòâåííûå íàóêè. 2006. № 4, ñ. 5–10.

4. Êåð Âèëüñîí Ó. Âèáðàöèîííàÿ òåõíèêà. Ì., «Ìà-
øèíîñòðîåíèå», 1963. 415 ñ. 

5. [Ýëåêòðîííûé ðåñóðñ]. URL: http://www.zr.ru/
content/articles/434813-dvigatel_ecoboost_litr_na_
troih/

References
1. Lukanin V.N. i dr. Dvigateli vnutrennego 

sgoraniya [Internal combustion engines]. Pod red. 
V.N. Lukanina i M.G. Shatrova. Moscow. Vyssh. 
shk. Publ., 2005. 400 p.

2. Gusarov V.V., Ashishin A.A. New way to assess 
internal perturbations of a reciprocating automotive 
internal combustion engines. Mashinostroenie 
i inzhenernoe obrazovanie. 2009. No 1(18), 
pp. 15-21 (In Russ.).

3. Gusarov V.V., Ashishin A.A. New method of 
analysis and calculation of balancing the R2 engine. 
Zhurnal «Izvestiya MGIU». Tekhnicheskie i 
estestvennye nauki. 2006. No 4, pp. 5-10 (In 
Russ.).

4. Ker Vil’son U. Vibratsionnaya tekhnika [Vibrating 
equipment]. Moscow, Mashinostroenie Publ., 
1963. 415 p.

5. URL http://www.zr.ru/content/articles/434813-
dvigatel_ecoboost_litr_na_troih/

BALANCING OF THREE-CYLINDER ENGINE THROUGH 
THE ACTION OF REACTIVE TORQUE

Ph.D. V.V. Gusarov, Ph.D. A.A. Ashishin
Moscow Polytechnic University
a.a.ashishin@mospolytech.ru

The improvement of the balance of reciprocating internal combustion engines is an important task 
of improving the design, the solution of which allows to improve the environmental properties of the 
automobile by reducing vibration and noise.
Perturbations from the action of overturning (reactive) torque are substantially different from the action 
of inertial forces and moments. Its common quantitative evaluation in existing methods of analysis is 
missing, which complicates a general analysis of the balance.
The authors proposed to use as the same for all sources of imbalance the measures of perturbation value 
the maximum for the period of the pulse value, developed a software system that allow to perform such 
an assessment of unbalance for three-cylinder reciprocating engine type L3 with the specified weight 
and size characteristics and modes of operation.
The mechanism is proposed to partially balance the reactive torque of the engine, the optimal parameters 
for the field of specified modes of operation was found. Using the developed complex the analytical 
quantification of unbalance from the action of overturning moment of three-cylinder engine with typical 
mass-dimensional parameters as when balancing with proposed method and without it was made. For a 
typical scheme of moment partial balancing of forces of inertia of the first order in considered engine the 
assessments of disturbances were made and their effect on different modes was studied.
It was found out that in the engine of L3 type unbalance from the action of reactive torque at low and 
medium frequencies of rotation makes a major contribution to vibroactivity of engine surpassing in values 
of the impulse contribution from the residual unbalance from the moment of inertia of the first order 
inherent to typical designs. The mechanism allows to decrease this imbalance several times.

Keywords: three-cylinder engine, engine balancing, overturning torque, engine torque, balancing 
mechanism, optimization of trim, quantitative assessment of balance, momentum perturbations.


